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Abstract

The latest release of the medium-energy Monte Carlo transport code
LAHET [1] includes a new nucleon-nucleus elastic scattering treatment
based on a global medium-energy phenomenological optical-model
potential. Implementation of this new model in LAHET allows nuclear
elastic scattering for neutrons with energies greater than 15 MeV and for
protons with energies greater than 50 MeV. Previous investigations on
the impact of the new elastic scattering data revealed that the addition of
the proton elastic scattering channel can lead to a significant increase in
the calculated damage energy under certain conditions.

We report here results on the impact of the new elastic scattering data on
calculated displacement cross sections in various elements for neutrons
with energies in the range 16 to 3160 MeV. Calculated displacement
cross sections at 20 MeV in low-mass materials are in better agreement
with SPECTER-calculated cross sections.

Introduction

The capability to treat neutron elastic scattering has always existed in
LAHET. In early versions, the user could provide tabulated elastic
scattering cross section data and elastic scattering would be included in
neutron transport. With later versions, a default set of elastic scattering
data was provided with LAHET (i.e., the ELSTIN file). These data were
generated with the SCAT79 optical model code using the Becchetti-
Greenlees potential [2], which is generally considered to be accurate up to
about 50 MeV. With version 2.70, elastic cross section data are provided
for 98 isotopes, tabulated on a 17-point energy grid from 20 to 100 MeV
(the LELSTIN file). Beyond 100 MeV, elastic scattering is ignored in
LAHET2.70.

Recently, new nucleon-nucleus elastic scattering data have been
incorporated into the latest release, LAHET version 2.8 [3]. In the energy
range 50 to 400 MeV, these tabulated cross sections were generated with a
global medium-energy nucleon-nucleus phenomenological optical-model
potential. Comparison of model predictions to experimental data shows
generally good agreement [4]. For neutron and proton energies above 400
MeV and for neutron energies below 50 MeV, tabulations generated from
the HERMES code [5] are used. Further details on the development of the
nucleon-nucleus optical-model potential from which the elastic scattering
data are derived are given in [3,4,6,7].

Another recently-added feature of the LAHET Code System is the
capability to tally recoil energy and damage energy spectra with the
postprocessing code HTAPE. The damage energy is obtained from the
recoil energy using a parameterization due to Robinson [8] of the

Lindhard function [9,10], which partitions the recoil energy into nuclear
and electronic components. The tally calculates the total damage energy
and its elastic component. This capability has been used extensively to
calculate damage parameters for materials irradiated in spallation neutron
source environments [11,12,13,14,15].

One characteristic of the LAHET-calculated neutron displacement cross
section is that it consistently underpredicts the value at 20 MeV calculated
using the radiation damage code SPECTER [16]. This has been observed
for the following targets: Li, Be, C, Al, Al-6061, Fe, 316 stainless steel
[11,14], Inconel-718 [14], Cu [15], and W [13-15]. SPECTER uses
evaluated nuclear data in estimating damage energy and so is generally
considered to be more accurate than LAHET. The prime motivation for
incorporating the refined elastic scattering data in LAHET2.8 was to
improve LAHET’s ability to accurately calculate damage parameters at
low energy. We show here that, for low-mass materials, agreement
between SPECTER and LAHET at 20 MeV is much improved with the
new elastic scattering data. For medium-mass materials, the displacement
cross section at low energies is slightly lower, but is higher by ~20%
beyond 50 MeV. And for high-mass materials, the displacement cross
section is largely unaffected by the new elastic scattering model. Schubin
et al. [17] have reported displacement cross section calculations using
DISCA + SCAT?2 that are in good agreement with SPECTER at 20 MeV,
but no details were given concerning the codes employed.

Calculational Method

The method for calculating the damage energy cross section and, from it,
the displacement cross section is described in [13]. We use this same
technique here. We model a l-cm-thick slab of material with a
normalized density of 0.01 atoms/b-cm, and launch a pencil beam of
neutrons onto the slab. A typical LAHET input deck (for 100-MeV
neutrons on Fe) used in these calculations is shown in Table I. Default
physics model settings are used except for the following items (see [1] for
item descriptions): NBERTP = —1, NSPRED = -5, ICPT = 1, and ELAS =
100. Since we are dealing with essentially a thin target, only the last item
influences results reported here. Setting ELAS = 100 simply extends the
elastic scattering treatment from 50 to 100 MeV when running
LAHET2.70. In addition one other parameter is changed for LAHET2.82
input decks: the low energy cutoff for neutrons is changed from the
default value of 20 MeV to 15 MeV by setting ELON = 15, which allows
us to calculate the displacement cross section down to 15 MeV with
LAHET2.82.

Using the damage energy tally in HTAPE (IOPT=16), we analyze the
history tape written by LAHET and calculate the mean damage energy per
source neutron Ty, both the total and its elastic component. The
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assumed 7, for each element, taken from [16], with the exception of tin
whose value is assumed to be 60 eV. For LAHET2.70, the displacement
cross section was calculated at 45 different energies ranging from 20.0
MeV to 3.16 GeV. Intermediate energies are 20 points per decade,
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Figure 1. Calculated displacement cross section in lithium.
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Figure 2. Calculated displacement cross section in beryllium.
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Figure 3. Calculated displacement cross section in carbon. Figure 5. Calculated displacement cross section in silicon.
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Figure 4. Calculated displacement cross section in aluminum. Figure 6. Calculated displacement cross section in chromium.
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Figure 7. Calculated displacement cross section in iron.
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Figure 8. Calculated displacement cross section in nickel.
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Figure 9. Calculated displacement cross section in copper.

7000 T T T T
i zr 4
L L2
L AN
. ¢
6000 — ¢¢¢¢¢é ¢
L 6
i * o
L
L o ,
= r 0 N
= 5000— 6
IS s *
3 N .
@ = .
& L (34
o 0
G 4000 O
c L 2.82 7 o
<] . o0
£ [ o I
8 [ o. o°
o L o
o ¢ oo 2.70
5 3000— oaooo°°
| - g.
2000~ o°
10007 Lol Lol |
10 100 1000

energy (MeV)

Figure 10. Calculated displacement cross section in zirconium.
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Figure 11. Calculated displacement cross section in molybdenum.

displacement cross section (b)

5000

4500

4000

3500

3000

2500

2000

1500

1000

7000

6000

5000

4000

3000

2000

1000

Mo FLLYY
¢

.

¢ ¢

¢

4 ¢

L

*o

¢ é¢¢¢¢é *
: e

100
energy (MeV)

1000

)
Sn LAAIH

10

100
energy (MeV)

1000

Figure 12. Calculated displacement cross section in tin.
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Figure 13. Calculated displacement cross section in tantalum.
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Figure 14. Calculated displacement cross section in tungsten.
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Figure 15. Calculated displacement cross section in lead.

Discussion of Results

The difference between the displacement cross sections calculated with
LAHET versions 2.70 and 2.82 is substantial in low-mass materials, as
seen in Figures 1 through 5. The difference is most prominent at low
energies. Figure 16 shows the elastic contribution to the displacement
cross section for versions 2.70 and 2.82, as well as the contribution from
nonelastic reactions (identical for both versions) in lithium. Note that, at
20 MeV, the elastic component is nearly four times larger for version 2.82
as compared to 2.70. Further, nonelastic reactions account for only a
small fraction of the total displacement cross section at this energy. Thus,
the displacement cross section is higher by nearly a factor of three at 20
MeV. For version 2.70, the elastic component drops to zero beyond 100
MeV, whereas version 2.82 has an elastic contribution that is more than
seven times greater than the nonelastic component at 100 MeV.

The difference between the two versions grows smaller as the target mass
increases. This is due to the fact that nonelastic reactions account for an
increasing fraction of the total displacement cross section with increasing
mass. For medium-mass eclements, the difference between the two
versions does not vary by more than about 20%. Figure 17 shows the
elastic and nonelastic components of the displacement cross section for
nickel. Note the nonelastic component dominates at all energies. The
medium-mass elements seen in Figures 6 through 9 exhibit two prominent
peaks in the displacement cross section. Figure 17 shows that the low-
energy peak is due to elastic reactions while the high-energy peak derives
from nonelastic reactions. The elastic components in both versions agree
with one another at energies below about 35 MeV. Beyond this energy
the elastic components diverge and version 2.82 produces a total cross
section that is consistently higher than that calculated by version 2.70.

In high-mass targets, represented in Figures 10 through 15, the elastic
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Figure 16. Elastic and nonelastic contributions to the displacement cross
section in lithium.
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contribution is small and we observe only small differences between the
two versions, most notably in the energy region 50 to about 300 MeV.
Beyond 100 MeV the elastic scattering channel is turned off in version
2.70, leading to the observed discrepancy. The elastic and nonelastic
contributions to the displacement cross section for a typical high-mass
element, tin, is shown in Figure 18.

As mentioned in the introduction, LAHET has historically underpredicted
the neutron displacement cross section at 20 MeV when compared to
results of the damage code SPECTER. SPECTER results are generally
considered more reliable as they are derived from evaluated nuclear data,
whereas LAHET is a model-based code whose applicability below about
150 MeV is questionable. Table III lists the displacement cross section
values at 20 MeV derived from SPECTER and LAHET versions 2.70 and
2.82 for a selected set of elements. For low-mass nuclides, where the
nonelastic contribution to the displacement cross section is small, version
2.82 is in better agreement with SPECTER, although the discrepancy is
still appreciable. The new elastic scattering data make up approximately
half of the difference observed between version 2.70 and SPECTER. This
is shown graphically in Figure 19, where we plot the relative difference
between SPECTER and LAHET as a function of the target atomic
number. Note the discrepancy for low-mass elements drops from 80% to
40% when the new elastic scattering data are used.

At medium and high masses, where the elastic scattering channel is not so
important relative to the nonelastic, observed differences between the two
versions of LAHET are not significant, and yet the observed discrepancy
between LAHET and SPECTER is still in the range 30 to 40%. While the
source of this discrepancy is not known with certainty, it is quite likely
due to an underprediction by LAHET of nonelastic processes at low
energies. It is well known that the intranuclear cascade models used by
LAHET are less reliable at low energies, particularly for low-mass nuclei.
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Figure 18. Elastic and nonelastic contributions to the displacement cross
section in tin.

Table III. Comparison of calculated neutron displacement cross sections
at 20 MeV, in units of barns.

Element SPECTER LAHET2.70 LAHET2.82
lithium 457.4 101.9 294.3
beryllium 275.5 45.7 159.2
carbon 578.4 128.4 354.2
aluminum 2660 1658 2114
iron 3078 2099 2030
tungsten 1188 750.2 769.3
Conclusions

Neutron displacement cross sections over the energy range near 20 to
3160 MeV have been calculated for 15 elements using LAHET versions
2.70 and 2.82. The new elastic scattering treatment incorporated in
version 2.82 produces results at 20 MeV that are in better agreement with
SPECTER-calculated cross sections. However, there is still a 30 to 40%
discrepancy between LAHET and SPECTER over the entire range of
target masses, most likely due to the use of LAHET below its range of
applicability. An effort is currently underway at Los Alamos to extend
evaluated nuclear data up to 150 MeV for a certain set of elements
typically used in spallation source environments. Included in these new
evaluations is a direct evaluation of the damage energy cross section.
Beyond this energy, displacement cross sections calculated using LAHET
should be reliable.
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Figure 19. Relative discrepancy between SPECTER- and LAHET-
calculated values of the neutron displacement cross section at 20 MeV as
a function of atomic number. The open circles and dashed line are version
2.70 and the solid circles and solid line are version 2.82. The lines are
guides to the eye.
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